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1. Introduction 

After more than 20 years of its existence, inflationary theory gradually becomes the stan- 
dard cosmological paradigm. However, we still do not know which of the many versions of 
inflationary cosmology will be favored by the future observational data. Moreover, it may 
be quite nontrivial to obtain a natural realization of inflationary theory in the context of 
the ever changing theory of all fundamental interactions. 

Development of inflationary cosmology occurs in many different ways. The original 
tendency was to concentrate on the basic principles of inflationary theory, such as the 
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problem of initial conditions, the possibility of eternal inflation, etc. Recent progress 
in observational cosmology shifted attention towards experimental verification of various 
inflationary theories. For example, one can parametrize inflationary theories by several 
slow-roll parameters and find the observational constraints on these parameters. Another 
approach is to look for inflationary models which can work in the context of the simplest 
phenomenological theories of elementary particles. A more ambitious trend is to implement 
inflationary cosmology in string theory. Because of this multitude of goals and methods, 
different people sometimes have rather different ideas about inflationary theory and its 
future prospects. In this paper we will try to analyze the situation. 

2. Brief history of inflation 

The first model of inflationary type was proposed by Alexei Starobinsky It was based 
on investigation of conformal anomaly in quantum gravity. This model did not suffer 
from the graceful exit problem, but it was rather complicated and did not aim on solving 
homogeneity, horizon and monopole problems. 

A much simpler inflationary model with a very clear physical motivation was proposed 
by Alan Guth 0. His model, which is now called "old inflation," was based on the theory 
of supercooling during the cosmological phase transitions Even though this scenario 
did not work, it played a profound role in the development of inflationary cosmology since 
it contained a very clear explanation how inflation may solve the major cosmological prob- 
lems. 

According to this scenario, inflation is as exponential expansion of the universe in a 
supercooled false vacuum state. False vacuum is a metastable state without any fields 
or particles but with large energy density. Imagine a universe filled with such "heavy 
nothing." When the universe expands, empty space remains empty, so its energy density 
does not change. The universe with a constant energy density expands exponentially, thus 
we have inflation in the false vacuum. Then the false vacuum decay, the bubbles of the 
new phase collide, and our universe becomes hot. 

Unfortunately, if the bubbles of the new phase are formed near each other, their colli- 
sions make the universe extremely inhomogeneous. If they are formed far away from each 
other, each of them represents a separate open universe with a vanishingly small 0,. Both 
options are unacceptable ||2|. 

This problem was resolved with the invention of the new inflationary theory ||5[. In 
this theory, inflation may begin either in the false vacuum, or in an unstable state at the 
top of the effective potential. Then the inflaton field (p slowly rolls down to the minimum 
of its effective potential. The motion of the field away from the false vacuum is of crucial 
importance: density perturbations produced during the slow-roll inflation are inversely 
proportional to (p 0, ^J. Thus the key difference between the new inflationary scenario 
and the old one is that the useful part of inflation in the new scenario, which is responsible 
for the homogeneity of our universe, does not occur in the false vacuum state, where (/> = 0. 
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This scenario was so popular in the beginning of the 80's that even now most textbooks 
on astrophysics describe inflation as an exponential expansion during high temperature 
phase transitions in grand unifled theories. Unfortunately, the new inflation scenario was 
plagued by its own problems. It works only if the effective potential of the fleld (j) has a very 
a flat plateau near (/> = 0, which is somewhat artificial. In most versions of this scenario 
the infiaton fleld has an extremely small coupling constant, so it could not be in a thermal 
equilibrium with other matter fields. The theory of cosmological phase transitions, which 
was the basis for old and new inflation, did not work in such a situation. Moreover, thermal 
equilibrium requires many particles interacting with each other. This means that new 
inflation could explain why our universe was so large only if it was very large and contained 
many particles from the very beginning. Finally, inflation in this theory begins very late. 
During the preceding epoch the universe can easily collapse or become so inhomogeneous 
that inflation may never happen [p. Because of all of these difficulties, no realistic versions 
of the new infiationary universe scenario have been proposed so far. 

Old and new inflation represented a substantial but incomplete modiflcation of the big 
bang theory. It was still assumed that the universe was in a state of thermal equilibrium 
from the very beginning, that it was relatively homogeneous and large enough to survive 
until the beginning of inflation, and that the stage of inflation was just an intermediate 
stage of the evolution of the universe. In the beginning of the 80's these assumptions seemed 
most natural and practically unavoidable. On the basis of all available observations (CMB, 
abundance of light elements) everybody believed that the universe was created in a hot 
big bang. That is why it was so difficult to overcome a certain psychological barrier and 
abandon all of these assumptions. This was done with the invention of the chaotic inflation 
scenario |^]. This scenario resolved all problems of old and new inflation. According to 
this scenario, inflation may occur even in the theories with simplest potentials such as 
y((/>) ~ 0". Inflation may begin even if there was no thermal equilibrium in the early 
universe, and it may start even at the Planckian density, in which case the problem of 
initial conditions for inflation can be easily resolved 

3. Chaotic Inflation 

Consider the simplest model of a scalar fleld </> with a mass m and with the potential 
energy density V{4)) = '^cfP' . Since this function has a minimum at i?i> = 0, one may expect 
that the scalar field (j) should oscillate near this minimum. This is indeed the case if the 
universe does not expand, in which case equation of motion for the scalar field coincides 
with equation for harmonic oscillator, (j) = —mp'cf). 

However, because of the expansion of the universe with Hubble constant H = a/a, an 
additional term 'iHcf) appears in the harmonic oscillator equation: 

'(j)+'iH^ = -rr?(t) . (3.1) 

The term 'iHcj) can be interpreted as a friction term. The Einstein equation for a homoge- 
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neous universe containing scalar field (p looks as follows: 



H' + ^ = l[<P' + m'<p')) . (3.2) 

Here k = —1,0,1 for an open, flat or closed universe respectively. We work in units 
= SvrG = 1. 

If the scalar field (p initially was large, the Hubble parameter H was large too, according 
to the second equation. This means that the friction term 3H(j) was very large, and therefore 
the scalar field was moving very slowly, as a ball in a viscous liquid. Therefore at this stage 
the energy density of the scalar field, unlike the density of ordinary matter, remained 
almost constant, and expansion of the universe continued with a much greater speed than 
in the old cosmological theory. Due to the rapid growth of the scale of the universe and 
a slow motion of the field (p, soon after the beginning of this regime one has (p <C 3H(p, 

^ ^) 0^ ^ m^0^, so the system of equations can be simplified: 

F=- = — , cp=-m^-. (3.3) 

The first equation shows that if the field 4> changes slowly, the size of the universe in this 
regime grows approximately as e^^^ where H = This is the stage of inflation, which 
ends when the field (p becomes much smaller than Mp = 1. Solution of these equations shows 
that after a long stage of inflation the universe initially filled with the field (p = (pQ 1 
grows exponentially Q, a = ao e'^o/^. 

This is as simple as it could be. Inflation does not require supercooling and tunnelling 
from the false vacuum [||, or rolling from an artificially flat top of the effective potential 
|5|. It appears in the theories that can be as simple as a theory of a harmonic oscillator 
Q. Only after I realized it, I started to believe that inflation is not a trick necessary to fix 
problems of the old big bang theory, but a generic cosmological regime. 

In realistic versions of inflationary theory the duration of inflation could be as short as 
10~^^ seconds. When inflation ends, the scalar field (p begins to oscillate near the minimum 
of V{(p)- As any rapidly oscillating classical field, it looses its energy by creating pairs of 
elementary particles. These particles interact with each other and come to a state of 



thermal equilibrium with some temperature T [10, 11, 12|. From this time on, the universe 
can be described by the usual big bang theory. 

The main difference between inflationary theory and the old cosmology becomes clear 
when one calculates the size of a typical inflationary domain at the end of inflation. In- 
vestigation of this question shows that even if the initial size of inflationary universe was 
as small as the Planck size Ip ~ 10"^'^ cm, after 10~^^ seconds of inflation the universe 
acquires a huge size of / ~ lO^'^^^ cm! This number is model-dependent, but in all realistic 
models the size of the universe after inflation appears to be many orders of magnitude 
greater than the size of the part of the universe which we can see now, / ~ 10^*^ cm. This 
immediately solves most of the problems of the old cosmological theory M, 0]. 
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Our universe is almost exactly homogeneous on large scale because all inhomogeneities 
were exponentially stretched during inflation. The density of primordial monopoles and 
other undesirable "defects" becomes exponentially diluted by inflation. The universe be- 
comes enormously large. Even if it was a closed universe of a size ~ 10"^'^ cm, after inflation 
the distance between its "South" and "North" poles becomes many orders of magnitude 
greater than 10^^ cm. We see only a tiny part of the huge cosmic balloon. That is why 
nobody has ever seen how parallel lines cross. That is why the universe looks so flat. 

If our universe initially consisted of many domains with chaotically distributed scalar 
field (p (or if one considers different universes with different values of the field), then domains 
in which the scalar field was too small never inflated. The main contribution to the total 
volume of the universe will be given by those domains which originally contained large 
scalar field (p. Inflation of such domains creates huge homogeneous islands out of initial 
chaos. (That is why I called this scenario "chaotic inflation.") Each homogeneous domain 
in this scenario is much greater than the size of the observable part of the universe. 

The first models of chaotic inflation were based on the theories with polynomial po- 
tentials, such as V{(f)) = rt^cj)^ + But the main idea of this scenario is quite generic. 
One should consider any particular potential V{<p)^ polynomial or not, with or without 
spontaneous symmetry breaking, and study all possible initial conditions without assum- 
ing that the universe was in a state of thermal equilibrium, and that the field (j) was in the 
minimum of its effective potential from the very beginning. 

This scenario strongly deviated from the standard lore of the hot big bang theory and 
was psychologically difficult to accept. Therefore during the first few years after invention 
of chaotic inflation many authors claimed that the idea of chaotic initial conditions is 
unnatural, and made attempts to realize the new inflation scenario based on the theory of 
high-temperature phase transitions, despite numerous problems associated with it. Some 
authors believed that the theory must satisfy so-called 'thermal constraints' which were 
necessary to ensure that the minimum of the effective potential at large T should be at 
= , even though the scalar field in the models they considered was not in a state of 
thermal equilibrium with other particles. It took several years until it finally became clear 
that the idea of chaotic initial conditions is most general, and it is much easier to construct 
a consistent cosmological theory without making unnecessary assumptions about thermal 
equilibrium and high temperature phase transitions in the early universe. 

A short note of terminology: Chaotic inflation occurs in all models with sufficiently 
flat potentials, including the potentials originally used in new inflation 0. The versions 
of chaotic inflation with such potentials for simplicity are often called 'new inflation', even 
though inflation begins there not as in the original new inflation scenario (i.e. not due to 
the phase transitions with supercooling), but as in the chaotic inflation scenario. 

4. Hybrid inflation 

In the previous section we considered the simplest chaotic inflation theory based on the 
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theory of a single scalar field (j). The models of chaotic inflation based on the theory of two 
scalar fields may have some qualitatively new features. One of the most interesting models 
of this kind is the hybrid inflation scenario |15]. The simplest version of this scenario is 
based on chaotic inflation in the theory of two scalar fields with the effective potential 

y(a,<^) = i^(M2 - Xa' f + ^<P' + ^0V^ . (4.1) 

The effective mass squared of the field a is equal to — + g'^c/)'^. Therefore for (p > (j)c = 
M/g the only minimum of the effective potential V{a^ (/)) is at cj = 0. The curvature of the 
effective potential in the u-direction is much greater than in the (/)-direction. Thus at the 
first stages of expansion of the universe the field a rolled down to o" = 0, whereas the field 
(j) could remain large for a much longer time. 

At the moment when the inflaton field (p becomes smaller than (pc = M/g, the phase 
transition with the symmetry breaking occurs. If m?(p'^ = mPM^/g'^ <^ M^/A, the Hubble 
constant at the time of the phase transition is given by = (in units M=l). If one 



assumes that ^> and that rrP <C H^, then the universe at <p > (pc undergoes a 



g'-' 

stage of infiation, which abruptly ends at p = (p^- 

One of the advantages of this scenario is the possibility to obtain small density per- 
turbations even if coupling constants are large, X,g = 0(1). This scenario works if the 
effective potential has a relatively flat (/(-direction. But flat directions often appear in su- 
persymmetric theories. This makes hybrid inflation an attractive playground for those who 
wants to achieve inflation in supergravity and string theory. We will return to this question 
later. 



5. Quantum fluctuations and density perturbations 

The vacuum structure in the exponentially expanding universe is much more complicated 
than in ordinary Minkowski space. The wavelengths of all vacuum fluctuations of the 
scalar field (p grow exponentially during infiation. When the wavelength of any particular 
fiuctuation becomes greater than H~^, this fluctuation stops oscillating, and its amplitude 
freezes at some nonzero value 5<p{x) because of the large friction term 3H<p in the equation 
of motion of the field (p. The amplitude of this fluctuation then remains almost unchanged 
for a very long time, whereas its wavelength grows exponentially. Therefore, the appearance 
of such a frozen fiuctuation is equivalent to the appearance of a classical field 5p{x) that 
does not vanish after averaging over macroscopic intervals of space and time. 

Because the vacuum contains fiuctuations of all wavelengths, infiation leads to the 
creation of more and more new perturbations of the classical field with wavelengths greater 
than H~^. The average amplitude of such perturbations generated during a typical time 



interval H ^ is given by fig, 17 1 



\6p{x)\ ^ ^ . (5.1) 
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These fluctuations lead to density perturbations that later produce galaxies. The 
theory of this effect is very complicated and it was fully understood only in the 

second part of the 80's Q . The main idea can be described as follows: 

Fluctuations of the field lead to a local delay of the time of the end of inflation, 
(5t = ^ ~ 2^' ^^^^ usual post-inflationary stage begins, the density of the universe 
starts to decrease as p = 3H^, where H ~ t~^. Therefore a local delay of expansion leads 
to a local density increase 6h such that 6h ~ ^p/p ~ 6t/t. Combining these estimates 
together yields the famous result [^, ^, ^ 

5h ^ — ^ ■ (5.2) 

P 27r^ 

This derivation is oversimplified; it does not tell, in particular, whether H should be 
calculated during inflation or after it. This issue was not very important for new inflation 
where H was nearly constant, but it is of crucial importance for chaotic inflation. 

The result of a more detailed investigation Q shows that H and 4> should be calculated 
during inflation, at different times for perturbations with different momenta k. For each of 
these perturbations the value of H should be taken at the time when the wavelength of the 
perturbation becomes of the order of H~^. However, the field </) during inflation changes 
very slowly, so the quantity -^-^ remains almost constant over exponentially large range of 
wavelengths. This means that the spectrum of perturbations of metric is flat. 

A detailed calculation in our simplest chaotic inflation model the amplitude of pertur- 
bations gives 

The perturbations on scale of the horizon were produced at (pH ~ 15 [^. This, together 
with COBE normalization Sh ^ 2 x 10~^ gives m ~ 3 x 10~^, in Planck units, which is 
approximately equivalent to 7 x 10^^ GeV. Exact numbers depend on (pfj, which in its turn 
depends slightly on the subsequent thermal history of the universe. 

The magnitude of density perturbations Sh in our model depends on the scale / only 
logarithmically. Since the observations provide us with an information about a rather 
limited range of /, it is possible to parametrize the scale dependence of density perturbations 
by a simple power law, 6h ~ Z(^~")/2. An exactly flat spectrum would correspond to n = 1. 

Flatness of the spectrum of density perturbations, together with flatness of the universe 
(fi = 1), constitute the two most robust predictions of inflationary cosmology. It is possible 
to construct models where 5h changes in a very peculiar way, and it is also possible to 
construct theories where / 1, but it is difficult to do so. 



6. Eternal inflation 

A significant step in the development of inflationary theory was the discovery of the process 
of self-reproduction of inflationary universe. This process was known to exist in old infla- 
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tionary theory Q and in the new one [^] , but its significance was fully realized only after 
the discovery of the regime of eternal inflation in the simplest versions of the chaotic infla- 
tion scenario |19, It appears that in many models large quantum fluctuations produced 
during inflation which may locally increase the value of the energy density in some parts 
of the universe. These regions expand at a greater rate than their parent domains, and 
quantum fluctuations inside them lead to production of new inflationary domains which 
expand even faster. This leads to an eternal process of self-reproduction of the universe. 

To understand the mechanism of self-reproduction one should remember that the pro- 
cesses separated by distances I greater than proceed independently of one another. 
This is so because during exponential expansion the distance between any two objects 
separated by more than is growing with a speed exceeding the speed of light. As a 
result, an observer in the inflationary universe can see only the processes occurring inside 
the horizon of the radius H~^. An important consequence of this general result is that 
the process of inflation in any spatial domain of radius H^^ occurs independently of any 
events outside it. In this sense any inflationary domain of initial radius exceeding H^^ can 
be considered separate mini-universe. 

To investigate the behavior of such a mini-universe, with an account taken of quantum 
fluctuations, let us consider an inflationary domain of initial radius containing suffi- 
ciently homogeneous field with initial value ^ Mp. Equation (|3.3| ) implies that during a 
typical time interval At = the field inside this domain will be reduced by Acf) = |. By 
comparison this expression with |(5(/)(x)| ~ ^ = one can easily see that if (p is much 
less than d>* ~ -p=, then the decrease of the field 6 due to its classical motion is much 
greater than the average amplitude of the quantum fluctuations 6(j) generated during the 
same time. But for (p ^ (p* one has d(p{x) ^ A^. Because the typical wavelength of the 
fluctuations 5(j){x) generated during the time is H~^, the whole domain after At = 
effectively becomes divided into ~ 20 separate domains (mini- universes) of radius H~^, 
each containing almost homogeneous field (p — + ^<P- In almost a half of these domains 
the field p grows by |(5(/)(x)| — Acp ~ = H/27r, rather than decreases. This means 

that the total volume of the universe containing growing field p increases 10 times. During 
the next time interval At = the situates repeats. Thus, after the two time intervals 
the total volume of the universe containing the growing scalar field increases 100 
times, etc. The universe enters eternal process of self-reproduction. 

Realistic models of elementary particles involve many kinds of scalar fields. For ex- 
ample, in the unified theories of weak, strong and electromagnetic interactions, at least 
two other scalar fields exist. The potential energy of these scalar fields may have several 
different minima. This means that the same theory may have different vacuum states, 
corresponding to different types of symmetry breaking between fundamental interactions, 
and, as a result, to different laws of low-energy physics. 

During the process of eternal inflation in the simplest versions of the chaotic inflation 
scenario (but not in the new inflation), some parts of the universe spend indeflnitely long 
time at the nearly Planckian density, expanding with the Hubble constant H = 0{1), in 
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Planck mass units. In this regime, all scalar fields persistently experience quantum jumps 
of the magnitude comparable to the Planck mass. This forces the fields to browse between 
all possible vacuum states. As a result, the universe becomes divided into infinitely many 
exponentially large domains that have different laws of low-energy physics |2^. This 
result may have especially interesting implications in the context of string theory, which 
allows exponentially large number of different vacuum states 0, 21, 22|, see Sect. 11. 



7. Inflation and observations 

Inflation is not just an interesting theory that can resolve many difficult problems of the 
standard Big Bang cosmology. This theory made several predictions which can be tested 
by cosmological observations. Here are the most important predictions: 

1) The universe must be flat. In most models ^totai = 1 ± 10~^. 

2) Perturbations of metric produced during inflation are adiabatic. 

3) Inflationary perturbations have flat spectrum. In most inflationary models the 
spectral index n = 1 it 0.2 (n = 1 means totally flat.) 

4) These perturbations are gaussian. 

5) Perturbations of metric could be scalar, vector or tensor. Inflation mostly produces 
scalar perturbations, but it also produces tensor perturbations with nearly flat spectrum, 
and it does not produce vector perturbations. There are certain relations between the 
properties of scalar and tensor perturbations produced by inflation. 

6) Inflationary perturbations produce specific peaks in the spectrum of CMB radiation. 
(For a simple pedagogical interpretation of this effect see e.g. [23|; a detailed theoretical 
description can be found in pT 



It is possible to violate each of these predictions if one makes this theory sufficiently 
complicated. For example, it is possible to produce vector perturbations of metric in the 
models where cosmic strings are produced at the end of inflation, which is the case in some 
versions of hybrid inflation. It is possible to have an open or closed inflationary universe, or 
even a small periodic inflationary universe, it is possible to have models with nongaussian 
isocurvature fluctuations with a non-flat spectrum. However, it is very difficult to do so, 
and most of the inflationary models satisfy the simple rules given above. 

It is not easy to test all of these predictions. The major breakthrough in this direction 
was achieved due to the recent measurements of the CMB anisotropy. The latest results 
based on the WMAP experiment, in combination with the Sloan Digital Sky Survey, are 
consistent with predictions of the simplest inflationary models with adiabatic gaussian 



perturbations, with n = 1.01 ± 0.02, and n = 0.98 ± 0.03 |2^. 

There are still some question marks to be examined, such as the unexpectedly small 
anisotropy of CMB at large angles [^]. It is not quite clear whether we deal with a real 
anomaly here or with a manifestation of cosmic variance p^, but in any case, it is quite 
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significant that all proposed resolutions of this problem are based on inflationary cosmology, 
see e.g. p8 |. 



8. Alternatives to inflation? 

Inflationary scenario is very versatile, and now, after 20 years of persistent attempts of 
many physicists to propose an alternative to inflation, we still do not know any other way 
to construct a consistent cosmological theory. Indeed, in order to compete with inflation 
a new theory should make similar predictions and should offer an alternative solution to 
many difficult cosmological problems. Let us look at these problems before starting a 
discussion. 

1) Homogeneity problem. Before even starting investigation of density perturbations 
and structure formation, one should explain why the universe is nearly homogeneous on 
the horizon scale. 

2) Isotropy problem. We need to understand why all directions in the universe are 
similar to each other, why there is no overall rotation of the universe, etc. 

3) Horizon problem. This one is closely related to the homogeneity problem. If different 
parts of the universe have not been in a causal contact when the universe was born, why 
do they look so similar? 

4) Flatness problem. Why i7 ~ 1? Why parallel lines do not intersect? 

5) Total entropy problem. The total entropy of the observable part of the universe is 
greater than 10*^^. Where did this huge number come from? Note that the lifetime of a 
closed universe filled with hot gas with total entropy S is 5^^^ x 10"^'^ seconds Thus 
S must be huge. Why? 

6) Total mass problem. The total mass of the observable part of the universe has 
mass ~ 10^^ Alp. Note also that the lifetime of a closed universe filled with nonrelativistic 
particles of total mass M is x 10~^^ seconds. Thus M must be huge. But why? 

7) Structure formation problem. If we manage to explain the homogeneity of the 
universe, how can we explain the origin of inhomogeneities required for the large scale 
structure formation? 

8) Monopole problem, gravitino problem, etc. 

This list is very long. That is why it was not easy to propose any alternative to 
inflation even before we learned that ~ 1, n ~ 1, and that the perturbations responsible 
for galaxy formation are mostly adiabatic, in agreement with the predictions of the simplest 
inflationary models. 

Despite this difficulty, there was always a tendency to announce that we have eventually 
found a good alternative to inflation. This was the ideology of the models of structure 
formation due to topological defects, or textures, which were often described as competitors 
to inflation, see e.g. |^^. However, it was clear from the very beginning that these theories 
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at best could solve only one problem (structure formation) out of 8 problems mentioned 
above. Therefore the true question was not whether one can replace inflation by the 
theory of cosmic strings/textures, but whether inflation with cosmic strings/textures is 
better than inflation without cosmic strings/textures. Recent observational data favor the 
simplest version of inflationary theory, without topological defects, or with an extremely 
small (few percent) admixture of the effects due to cosmic strings. 

A similar situation emerged recently with the introduction of the ekpyrotic scenario 
|3C]. In the original version of this theory it was claimed that this scenario can solve all 
cosmological problems without using the stage of inflation, i.e. without a prolonged stage of 
an accelerated expansion of the universe, which was called in ||3^ "superluminal expansion." 



However, this original idea did not work [31, and the idea to avoid "superluminal 



expansion" was abandoned by the authors of |3^. A more recent version of this scenario, 
the cyclic scenario [33|, uses an infinite number of periods of "superluminal expansion" (i.e. 
inflation) in order to solve the major cosmological problems. The main difference between 
the usual inflation and the cyclic inflation, just as in the case of topological defects and 
textures, is the mechanism of generation of density perturbations. However, since the 
theory of density perturbations in cyclic inflation requires a solution of the cosmological 
singularity problem |^, |3^, it is difficult to say anything definite about it. 

Thus at the moment it is hard to see any real alternative to inflationary cosmology; in- 
stead of a competition between inflation and other ideas, we witness a competition between 
many different models of inflationary theory. 

This competition goes in several different directions. First of all, we must try to 
implement inflation in realistic theories of fundamental interactions. But what do we mean 
by 'realistic?' In the absence of a direct confirmation of M/string theory and supergravity 
by high energy physics experiments (which may change when we start receiving data from 
the LHC), the definition of what is realistic becomes increasingly dependent on cosmology 
and the results of the cosmological observations. In particular, one may argue that those 
versions of the theory of all fundamental interactions that cannot describe inflation and 
the present stage of acceleration of the universe are disfavored by observations. 

On the other hand, not every theory which can lead to inflation does it in an equally 
good way. Many inflationary models have been already ruled out be observations. This 
happened long ago with such models as extended inflation and the simplest versions of 
"natural inflation" [^]. Recent data from WMAP and SDSS almost ruled out a particular 
version of chaotic inflation with V{cl)) ~ (j)^ ||25|, p6| . 

However, observations test only the last stages of inflation. In particular, they do not 
say anything about the properties of the inflaton potential at F(</>) ^ 10^^*^ Af^. Thus 
there may exist many different models which describe all observational data equally well. 
In order to compare such models, one should not only compare their predictions with the 
results of the cosmological observations, but also carefully examine whether they really 
solve the main cosmological problems. 
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One of the most important issues here is the maximal value of energy density during 
inflation. For example, the simplest chaotic inflation scenario may begin in the universe 
of the largest possible energy density, of a smallest possible size (Planck length), with 
the smallest possible mass M ~ Mp and with the smallest possible entropy S = 0(1). 
This provides a true solution to the flatness, horizon, homogeneity, mass and entropy 
problems. Meanwhile, in the new inflation scenario, inflation occurs on the mass scale 3 
orders of magnitude below Mp, when the total size of the universe must be very large. As 
a result, the initial mass of the universe at the beginning of new inflation must be greater 
than 10^ Mp, and its total entropy must be greater than 10^. In other words, in order to 
explain why the entropy of the universe is greater than 10^^ one should assume that it 
was extremely large from the very beginning. This does not look like a real solution of the 
entropy problem. A similar problem exists in many of the models recently described in 
||3^ . Finally, in cyclic inflation, the process of exponential expansion of the universe occurs 
only if the total mass of the universe is greater than its present mass M ~ 10^'^Afp and 
its total entropy is greater than 10^''. This scenario does not solve the flatness, mass and 
entropy problems. 



One can argue 1 2C ] that eternal inflation may alleviate some of the problems of the low- 
scale inflation. Note, however, that eternal inflation, which naturally occurs in the simplest 
versions of chaotic inflation and in new inflation, does not exist in many popular versions of 
hybrid inflation. Of course, models of low-scale non-eternal inflation are still much better 
than the models with no inflation at all, but I do not think that we should settle for the 
second-best. It would be much better to have a stage of eternal chaotic inflation at nearly 
Planckian density, which, if needed, may be followed by a stage of low-scale inflation. 

Keeping eternal inflation at high density as our ultimate goal, let discuss a possibility 
to obtain inflation in supergravity and string theory. 



9. Shift symmetry and chaotic inflation in supergravity 

Most of the existing inflationary models are based on the idea of chaotic initial conditions, 
which is the trademark of the chaotic inflation scenario. In the simplest versions of chaotic 
inflation scenario with the potentials y ~ the process of inflation occurs at </> > 1, 
in Planck units. Meanwhile, there are many other models where inflation may occur at 
0« 1. 

There are several reasons why this difference may be important. First of all, some 
authors argue that the generic expression for the effective potential can be cast in the form 

y(0) =Vo + a^+ ^<A^ + ^<A^ + ^<A^ + E ' (9-1) 

n P 

and then they assume that generically An = 0(1), see e.g. Eq. (128) in |^2|. If this 
assumption were correct, one would have little control over the behavior of V{(j)) at (j) > Mp. 
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Here we have written Mp explicitly, to expose the implicit assumption made in |42|. 
Why do we write Mp in the denominator, instead of lOOOMp? An intuitive reason is 
that quantum gravity is non-renormalizable, so one should introduce a cut-off at momenta 
k ~ Mp. This is a reasonable assumption, but it does not imply validity of Eq. (|9.1j). 
Indeed, the constant part of the scalar field appears in the gravitational diagrams not 
directly, but only via its effective potential V^(</>) and the masses of particles interacting 
with the scalar field (p. As a result, the terms induced by quantum gravity effects are 



suppressed not by factors j^tt, but by factors and "iJ'f^ Consequently, quantum 
gravity corrections to V{(l)) become large not at (j) > Mp, as one could infer from ( |9.1D , but 
only at super-Plan ckian energy density, or for super-Plan ckian masses. This justifies our 
use of the simplest chaotic inflation models. 

The simplest way to understand this argument is to consider the case where the poten- 
tial of the field (p is a constant, V = Vq. Then the theory has a shift symmetry, (p ^ (j) -\- c. 
This symmetry is not broken by perturbative quantum gravity corrections, so no such terms 
X^n ^nj^-TT are generated. This symmetry may be broken by nonperturbative quantum 
gravity effects (wormholes? virtual black holes?), but such effects, even if they exist, can 
be made exponentially small 



The idea of shift symmetry appears to be very fruitful in application to inflation; we 
will return to it many times in this paper. However, in some cases the scalar field (p itself 
may have physical (geometric) meaning, which may constrain the possible values of the 
fields during inflation. The most important example is given by = 1 supergravity. 

The effective potential of the complex scalar field <I> in supergravity is given by the 
well-known expression (in units Mp = 1): 



K-l\D^W\^-3\W\^]. (9.2) 



Here VF(<I>) is the superpotential, $ denotes the scalar component of the superfield 
D^W = ^ + HVF. The kinetic term of the scalar field is given by K^^df^^d^^. The 
standard textbook choice of the Kahler potential corresponding to the canonically normal- 
ized fields $ and $ is K = so that K^^^ = 1. 

This immediately reveals a problem: At $ > 1 the potential is extremely steep. It 
blows up as e'*!^, which makes it very difficult to realize chaotic infiation in supergravity 
at (f> = V^\^\ > 1. Moreover, the problem persists even at small (p. If, for example, one 
considers the simplest case when there are many other scalar fields in the theory and the 
superpotential does not depend on the inflaton field (p, then Eq. (|9.2| ) implies that at cp <^ I 
the effective mass of the inflaton field is = 3H^ . This violates the condition ^ 
required for successful slow-roll inflation (so-called r/-problem). 

The major progress in SUGRA infiation during the last decade was achieved in the 
context of the models of the hybrid infiation type, where inflation may occur at (p <^ 
1. Among the best models are the F-term inflation, where different contributions to the 



effective mass term cancel [40|, and D-term infiation |41], where the dangerous term 
does not affect the potential in the infiaton direction. A detailed discussion of various 
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versions of hybrid inflation in super symmetric theories can be found in [42|. A recent 
version of this scenario, P-term inflation, which unifles F-term and D-term models, was 
proposed in [^ ]. 

However, hybrid inflation occurs only on a relatively small energy scale, and many of 
its versions do not lead to eternal inflation. Therefore it would be nice to obtain inflation 
in a context of a more general class of supergravity models. 

This goal seemed very difficult to achieve; it took almost 20 years to find a natural 
realization of chaotic infiation model in supergravity. Kawasaki, Yamaguchi and Yanagida 
suggested to take the Kahler potential 

K = ^{<^ + ^f + XX (9.3) 



of the fields <I> and X, with the superpotential m^X [44]. 

At the first glance, this Kahler potential may seem somewhat unusual. However, it 
can be obtained from the standard Kahler potential K = + XX by adding terms 
<I>^/2 + ^^/2, which do not give any contribution to the kinetic term of the scalar fields 

d^^d^^. In other words, the new Kahler potential, just as the old one, leads to 
canonical kinetic terms for the fields <I> and X, so it is as simple and legitimate as the 
standard textbook Kahler potential. However, instead of the U(l) symmetry with respect 
to rotation of the field $ in the complex plane, the new Kahler potential has a shift 
symmetry; it does not depend on the imaginary part of the field <I>. The shift symmetry is 
broken only by the superpotential. 

This leads to a profound change of the potential ( |9.2[) : the dangerous term continues 
growing exponentially in the direction + ^), but it remains constant in the direction 
— Decomposing the complex field $ into two real scalar fields, $ = "^(^ + i4>)j one 
can find the resulting potential V{(j),rj, X) for rj, \X\ <^ 1: 

This potential has a deep valley, with a minimum at rj = X = 0. Therefore the fields rj and 
X rapidly fall down towards rj = X = 0, after which the potential for the field (j) becomes 
V = ^(j)^. This provides a very simple realization of eternal chaotic infiation scenario in 
supergravity p4|]. This model can be extended to include theories with different power-law 
potentials, or models where infiation begins as in the simplest versions of chaotic inflation 
scenario, but ends as in new or hybrid inflation, see e.g. p6t| . 

It is amazing that for almost 20 years nothing but inertia was keeping us from using 
the version of the supergravity which was free from the famous r] problem. As we will see 
shortly, the situation with inflation in string theory is very similar, and may have a similar 
resolution. 
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10. Towards Inflation in String Theory 



10.1 de Sitter vacua in string theory 

For a long time, it seemed rather difficult to obtain inflation in M/string theory. The main 
problem here was the stability of compactification of internal dimensions. For example, 
ignoring non-perturbative effects to be discussed below, a typical effective potential of 
the effective 4d theory obtained by compactification in string theory of type IIB can be 
represented in the following form: 

V{a, p, 4)) ~ e-^^-^P V{4>) (10.1) 

Here a and p are canonically normalized fields representing the dilaton field and the volume 
of the compactified space; (p stays for all other fields. 

If a and p were constant, then the potential V{(j)) could drive inflation. However, this 
does not happen because of the steep exponent gv^^'-v^p^ which rapidly pushes the dilaton 
field a to — oo, and the volume modulus p to +cxd. As a result, the radius of compactification 
becomes infinite; instead of inflating, 4d space decompactifies and becomes lOd. 

Thus in order to describe inflation one should first learn how to stabilize the dilaton 
and the volume modulus. The dilaton stabilization was achieved in |^^. The most difficult 
problem was to stabilize the volume. The solution of this problem was found in (KKLT 
construction). It consists of two steps. 

First of all, due to a combination of effects related to warped geometry of the compact- 
ified space and nonperturbative effects calculated directly in 4d (instead of being obtained 
by compactification), it was possible to obtain a supersymmetric AdS minimum of the 
effective potential for p. This fixed the volume modulus, but in a state with a negative 
vacuum energy. Then we added an anti--D3 brane with the positive energy ~ p~^. This 
addition uplifted the minimum of the potential to the state with a positive vacuum energy. 

Instead of adding an anti-DS brane, which explicitly breaks super symmetry, one can 
add a D7 brane with fiuxes. This results in the appearance of a D-term which has a similar 
dependence on p, but leads to spontaneous supersymmetry breaking [^. In either case, 
one ends up with a metastable dS state which can decay by tunnelling and formation of 
bubbles of lOd space with vanishing vacuum energy density. The decay rate is extremely 



small 1 48], so for all practical purposes, one obtains an exponentially expanding de Sitter 



space with the stabilized volume of the internal space. ^ 



10.2 Inflation in string theory and shift symmetry 

During the last few years there were many suggestions how to obtain hybrid infiation in 
string theory by considering motion of branes in the compactified space, see |5l|, |5^ and 
references therein. The main problem of all of these models was the absence of stabilization 

^It is also possible to find de Sitter solutions in noncritical string theory |50[. 
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of the compactified space. Once this problem was solved for dS space [48|, one could try 
to revisit these models and develop models of brane inflation compatible with the volume 
stabilization. 



The first idea ||5^ was to consider a pair of D3 and anti-D3 branes in the warped 
geometry studied in [48|. The role of the inflaton field could be played by the interbrane 



separation. A description of this situation in terms of the effective 4d supergravity involved 
Kahler potential 

K = -2,\og{p + p-k{ct>,4>)), (10.2) 

where the function k{(f),(j)) for the infiaton field </>, at small (j), was taken in the simplest 
form k((j), (p) = (f)(j). If one makes the simplest assumption that the superpotential does 
not depend on (f), then the (f> dependence of the potential ( tj.2| ) comes from the term = 
{p + p — Expanding this term near the stabilization point p = po, one finds that 

the inflaton fleld has a mass m| = 2H^. Just like the similar relation = 3H^ in the 
simplest models of supergravity, this is not what we want for inflation. 

One way to solve this problem is to consider 0-dependent superpotentials. By doing 
so, one may fine-tune to be O{10^^)H^ in a vicinity of the point where inflation occurs 
1 53]. Whereas fine-tuning is certainly undesirable, in the context of string cosmology it 
may not be a serious drawback. Indeed, if there exist many realizations of string theory 



22], then one might argue that all realizations not leading to inflation can be discarded, 
because they do not describe a universe in which we could live. Meanwhile, those non- 
generic realizations, which lead to eternal inflation, describe inflationary universes with an 
indefinitely large and ever-growing volume of inflationary domains. This makes the issue 
of fine-tuning less problematic.'^ 

Can we avoid fine-tuning altogether? One of the possible ideas is to find theories with 
some kind of shift symmetry. Another possibility is to construct something like D-term 
inflation, where the flatness of the potential is not spoiled by the term . Both of these 
ideas were explored in a recent paper based on the model of D3/D7 inflation in string 
theory [^]. In this model the Kahler potential is given by 

K = -3log{p + p)-^{<P-4>f, (10.3) 

and superpotential depends only on p. The shift symmetry (j) ^ cj) + c in this model is 
related to the requirement of unbroken supersymmetry of branes in a BPS state. 

The effective potential with respect to the field p in this model coincides with the 



KKLT potential [48, ^]. In the direction of the real part of the field (p, which can be 
considered an infiaton, the potential is exactly flat, until one adds other flelds which break 
this flatness due to quantum corrections and produce a potential similar to the potential of 
D-term inflation [|57|]. The origin of the shift symmetry of the Kahler potential in certain 



string models was revealed in a recent paper |5S]. It is related to special geometry of 



^One should note that decreasing of is not the only way to get inflation; one may reach the same 
goal by considering theories with non-minimal kinetic terms, see e.g. |54l pa, M. 



- 16 - 



extended supergravity. This shift symmetry was also studied in a recent version of D3/D7 
inflation proposed in [|60| ]. 

Shift symmetry may help to obtain inflation in other models as well. For example, one 
may explore the possibility of using the Kahler potential K = — 31og(p + p — \{(t) — 0)^)) 
instead of the potential used in |53]. The modified Kahler potential does not depend on 
the real part of the field which can be considered an inflaton. Therefore the dangerous 
term = 2H^ vanishes, i.e. the main obstacle to the consistent brane inflation in the 
model of Ref. fs^ disappears! A discussion of the possibility to implement shift symmetry 



in the model of Ref. [53| can be also found in |61]. 

However, for a while it still remained unclear whether shift symmetry is just a condition 
which we want to impose on the theory in order to get inflation, or an unavoidable property 
of the theory, which remains valid even after the KKLT volume stabilization. The answer 
to this question was found only very recently, and it appears to be model-dependent. It 
was shown in |62| that in a certain class of models, including D3/D7 models ||5^, 57, |60| , 
the shift symmetry of the effective 4d theory is not an assumption but an unambiguous 
consequence of the underlying mathematical structure of the theory. This may allow us to 
obtain a natural realization of inflation in string theory. 



11. Eternal inflation and stringy landscape 

Even though we are still at the very first stages of implementing infiation in string theory, 
it is very tempting to speculate about possible generic features and consequences of such 
a construction. 

First of all, KKLT construction shows that the vacuum energy after the volume sta- 
bilization is a function of many different parameters in the theory. One may wonder how 
many different choices do we actually have. There were many attempts to investigate 
this issue. For example, many years ago it was argued [^] that there are infinitely many 
AdS4^ X XI vacua of D=ll supergravity. An early estimate of the total number of dif- 
ferent 4d string vacua gave the number 10^^°^^ |64|. At present we are more interested in 



counting different flux vacua |65, where the possible numbers, depending on specific 
assumptions, may vary in the range from 10'^'' to 10^'^'^''. Some of these vacuum states 
with positive vacuum energy can be stabilized using the KKLT approach. Each of such 
states will correspond to a metastable vacuum state. It decays within a cosmologically 
large time, which is, however, smaller than the 'recurrence time' e^^'^\ where S{(j)) = 
is the entropy of dS space with the vacuum energy density V{(j)) 



But this is not the whole story; old inflation does not describe our world. In addition to 
these metastable vacuum states, there should exist various slow-roll inflationary solutions, 
where the properties of the system practically do not change during the cosmological time 
H^^. It might happen that such states, corresponding to flat directions in the string 
theory landscape, exist not only during inflation in the very early universe, but also at the 
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present stage of the accelerated expansion of the universe. This would simplify obtaining 



an anthropic solution of the cosmological constant problem along the lines of 65]. 

If the slow-roll condition V" <^V is satisfied all the way from one dS minimum of the 
effective potential to another, then one can show, using stochastic approach to inflation, 
that the probability to find the field (p ^.t any of these minima, or at any given point 
between them, is proportional to e^^'^\ In other words, the relative probability to find 

the field taking some value as compared to some other value is proportional to 

AS ^ pS{ct>^)-S{4>o) 



e 



6q , [48| . One may argue, using Euclidean approach, that this simple 
thermodynamic relation should remain valid for the relative probability to find a given 
point in any of the metastable dS vacua, even if the trajectory between them does not 



satisfy the slow-roll condition m <C H [pq, 39, 7C, |7l| 



The resulting picture resembles eternal infiation in the old inflation scenario. However, 
now we have an incredibly large number of false vacuum states, plus some states which 
may allow slow-roll infiation. Once infiation begins, different parts of the universe start 
wondering from one of these vacuum states to another, so that the universe becomes divided 
into indefinitely many regions with all possible laws of low-energy physics corresponding 
to different 4d vacua of string theory Q. 

As we already argued, the best infiationary scenario would describe a slow-roll eternal 
inflation starting at the maximal possible energy density (minimal dS entropy). It would be 
almost as good to have a low-energy slow-roll eternal inflation. Under certain conditions. 



such regimes may exist in string theory |53]. However, whereas any of these regimes would 
make us happy, we already have something that can make us smile. Multi-level eternal 
inflation of the old inflation type, which appears in string theory in the context of the 
KKLT construction, may be very useful being combined with the slow-roll inflation, even 
if the slow-roll inflation by itself is not eternal. We will give a particular example, which 



is very similar to the one considered in |72]. 



Suppose we have two noninteracting scalar flelds: fleld (p with the potential of the old 
inflation type, and fleld x with the potential which may lead to a slow-roll inflation. Let us 
assume that the slow-roll inflation belongs to the worst case scenario discussed in Section 
llj: it occurs only on low energy scale, and it is not eternal. How can we provide initial 
conditions for such a low-scale inflation? 

Let us assume that the Hubble constant at the stage of old inflation is much greater 
than the curvature of the potential which drives the slow-roll inflation. (This is a natural 
assumption, considering huge number of possible dS states, and the presumed smallness 
of energy scale of the slow-roll inflation.) In this case large inflationary fluctuations of the 
field X will be generated during eternal old infiation. These fiuctuations will give the field 
X different values in different exponentially large parts of the universe. When old inflation 
ends, there will be many practically homogeneous parts of the universe where the field x 
will take values corresponding to good initial conditions for a slow-roll infiation. Then the 
relative fraction of the volume of such parts will grow exponentially. 
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Moreover, as it was argued in [20|, the probability (per unit time and unit volume) to 
jump back to the eternally inflating regime is always finite, even after the field enters the 
regime where, naively, one would not expect eternal inflation. Each bubble of a new phase 
which appears during the decay of the eternally inflating dS space is an open universe 
of an infinite volume. Therefore during the slow-roll inflation there always will be some 
inflationary domains jumping back to the original dS space, so some kind of stationary 
equilibrium will always exist between various parts of the inflationary universe. 

Thus, the existence of many different dS vacua in string theory leads to the regime of 
eternal inflation. This regime may help us to solve the problem of initial conditions for the 
slow-roll inflation even in the models where the slow-roll inflation by itself is not eternal 
and would occur only on a small energy scale. 

I am very grateful to the organizers of the Nobel Symposium "Cosmology & String 
Theory" for the hospitality. It is a special pleasure to express my gratitude to T. Banks, 
S. Kachru, R. Kallosh, L. Kofman, V. Mukhanov, E. Silverstein, and L. Susskind for many 
enlightening discussions. This work was supported by NSF grant PHY-0244728. 
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